Purpose: To determine corneal sensitivity and evaluate corneal nerves before and after keratoplasty for Fuchs endothelial dystrophy.
F uchs endothelial dystrophy is accepted to be a primary disorder of the corneal endothelium characterized by the formation of guttae on Descemet membrane and corneal edema from endothelial dysfunction. In advanced cases, chronic corneal edema results in anterior corneal pathologic changes that include subepithelial fibrosis, 1 increased anterior corneal haze, 2,3 and anterior keratocyte depletion. 4 Without the aid of slit-lamp biomicroscopy, Fuchs' original description of the disease was that of an anterior corneal dystrophy, 5 presumably because the cases he described were representative of the most advanced stages of the disease. With present imaging techniques, anterior corneal changes are, in fact, visible in corneas with Fuchs dystrophy at earlier stages than described by Fuchs. These anterior corneal changes were of little importance when penetrating keratoplasty (PK) was the surgical treatment of choice because the full-thickness cornea was excised and replaced. However, in the present era of endothelial keratoplasty (EK), which retains the host cornea, determining residual anterior corneal changes has become important for understanding the repair of the anterior cornea and how this affects visual outcomes. 2, 4, 6 Interactions between epithelial, stromal, and neural cells of the anterior cornea are critical for maintaining the structure of the anterior cornea and the health of the ocular surface for good vision. The anterior corneal surface is the strongest refracting surface of the eye, and irregularities of the anterior surface can degrade vision; indeed, anterior corneal irregularities are associated with poor visual outcomes after EK. 7 Normal corneas are densely innervated by branches of the trigeminal nerve; in addition to providing sensation, the corneal nerves presumably supply neurotrophic factors to the epithelium and might also influence keratocytes. 8, 9 Therefore, corneal nerves might have a role in maintaining the integrity of the anterior cornea, including the regularity and transparency of the epithelial-stromal boundary. Little is known about the corneal nerves in Fuchs dystrophy and especially after EK, when they might be important for repairing the anterior cornea. The goal of this study was to assess corneal innervation in Fuchs dystrophy by examining corneal sensitivity and nerve morphology. In addition, we investigated the effect of EK, and thus the restoration of endothelial function, on corneal sensation and nerve morphology through 3 postoperative years and compared this with the effect of PK.
MATERIALS AND METHODS

Subjects
Patients requiring keratoplasty for Fuchs endothelial dystrophy were recruited from the cornea service at Mayo Clinic, Rochester, MN, to 2 consecutive prospective studies. The first study was a randomized controlled trial of PK versus deep lamellar endothelial keratoplasty (DLEK) for endothelial dysfunction, with all subjects enrolled between 2003 and 2006 3 ; only data from subjects with a recipient diagnosis of Fuchs endothelial dystrophy are included in the present report. The second study was a prospective observational study of Descemet stripping endothelial keratoplasty (DSEK), with subjects enrolled after 2006 2 ; all subjects had Fuchs endothelial dystrophy. The inclusion, exclusion, and randomization criteria for the studies have been previously reported. 2, 3 Inclusion criteria for the 2 studies were identical, except that best-corrected visual acuity at enrollment for the randomized trial was 20/40 or worse, whereas there was no entrance visual acuity criterion for the DSEK study. All subjects in both studies were either pseudophakic or had a cataract requiring extraction; patients were excluded if they had central corneal scarring unrelated to Fuchs dystrophy, a filtering bleb or uncontrolled glaucoma, a history of herpetic or other neurotrophic keratitis, or diabetes.
Age-matched subjects with normal corneas were recruited as controls for corneal sensitivity. Controls had no history of herpetic or neurotrophic disease, had no history of previous intraocular surgery, and were not using topical ophthalmic medications. Informed consent was obtained from all participants in this study after explaining the nature and possible consequences of the study. The study was approved by the Mayo Clinic's Institutional Review Board.
Surgical Procedures
The surgical procedures and postoperative treatment regimen have been described previously. 2, 3, 10, 11 All PKs had a recipient diameter of 7.5 or 7.75 mm (mean, 7.55 mm) with the donor secured to the host by using a double-running suture technique. DLEK was performed through a superior 9-to 10-mm, scleral, tunnel incision that was initiated at a depth of 350 mm. DSEK was performed through a 5-to 6-mm, temporal, scleral, tunnel incision. In procedures combined with cataract surgery, the cataract was extracted through the keratoplasty incision for PK and DSEK and through a separate clear corneal incision when combined with DLEK. Postoperatively, all eyes were treated with a topical antibiotic for 7 days or until epithelialization was complete and with topical prednisolone acetate 1% 4 times daily, typically tapering to once daily by 6 months postoperatively.
Outcome Measures
The diagnosis of Fuchs dystrophy was confirmed by the presence of guttae and stromal edema with slit-lamp biomicroscopy. Central corneal thickness was measured by using an ultrasonic pachometer (DGH 1000; DGH Technologies, Frazer, PA).
Corneal sensitivity was examined before and at 1, 3, 6, 12, 24, and 36 months after keratoplasty in the subjects with Fuchs dystrophy and on 1 occasion in controls. Sensitivity was measured by using a Cochet-Bonnet esthesiometer 12 (Luneau Ophtalmologie, Chartres, France), which had a 0.12-mm-diameter nylon filament with lengths ranging from 0 to 6 cm. Sensitivity was assessed in the center of the cornea by decreasing the length of the filament in 0.5-cm steps until the subject felt the filament touch the cornea.
Central corneal subbasal and stromal nerves were assessed in corneas with Fuchs dystrophy before and after DSEK by using confocal microscopy in vivo (ConfoScan 4 with z-ring; Nidek Technologies, Greensboro, NC). The examination technique has been described in detail previously. 13 Confocal images were qualitatively reviewed by 2 independent observers (Y.A. and S.V.P.) for the presence of nerves and their morphology.
Statistical Analysis
Cochet-Bonnet esthesiometry was reported as filament length (cm) and also converted to pressure (g/mm 2 ) against the cornea by using a conversion table provided by the manufacturer (6 cm corresponded to 0.4 g/mm 2 and 0.5 cm corresponded to 15.9 g/mm 2 ). Sensitivity in Fuchs dystrophy was compared with that in controls by using generalized estimating equation models to account for possible correlation between fellow eyes of the same subject. 14 Generalized estimating equation models were also used to compare preoperative sensitivity with postoperative sensitivity and to compare the change in sensitivity between preoperative and 1 month across treatments. The P values were adjusted for multiple comparisons by using the Bonferroni technique, and P # 0.05 was considered statistically significant. All statistical analyses were performed with SAS statistical software (SAS Institute, Inc, Cary, NC). Post hoc minimum detectable differences were calculated for nonsignificant comparisons (a = 0.05, b = 0.20).
Quantitative analysis of stromal and subbasal nerve densities from confocal images was not possible in many corneas because of corneal haze that might have prevented visualization of nerves. Thus, the morphology of nerves was assessed qualitatively before and at 12, 24, and 36 months after DSEK.
RESULTS
Subjects
Sixty-nine corneas of 61 patients with Fuchs dystrophy were examined before keratoplasty; mean recipient age was 69 ± 10 years (±SD; range, 47-87 years; Table 1 ). All corneas had guttae and stromal edema; epithelial edema or bullae were evident in 6 eyes at the time of examination. Central corneal thickness was 661 ± 50 mm (range, 535-779 mm). Nineteen of the 69 eyes (27%) had received previous ocular surgery, which was cataract surgery by phacoemulsification in all cases (Table 1) . No eye was treated with topical ocular hypotensive agents before keratoplasty, whereas 6 eyes (9%) received topical ocular hypotensive treatment (beta-blocker in 5 of these eyes) for an extended period after keratoplasty ( Table 1) .
Thirty-five corneas of 24 control subjects were recruited; mean age was 70 ± 10 years (range, 51-90 years). No eye had received ocular surgery or was treated with topical ocular medications.
Corneal Sensitivity
Central corneal sensitivity in Fuchs dystrophy (4.61 ± 1.42 cm, n = 69) was lower than that of age-matched controls (5.74 ± 0.48 cm, n = 35, P , 0.001). In Fuchs dystrophy, corneal sensitivity in the eyes without previous ocular surgery (4.82 ± 1.39 cm, n = 50) was higher than in eyes with previous ocular (cataract) surgery (4.05 ± 1.39 cm, n = 19, P = 0.02). Corneal sensitivity was not correlated with central corneal thickness in eyes with Fuchs dystrophy (r = −0.01, P = 0.89, n = 69).
Before keratoplasty for Fuchs dystrophy, there were no differences in corneal sensitivity between the eyes that were destined for the 3 keratoplasty treatments (P $ 0.29, Table 2 ). Sensitivity was decreased compared with preopera-tive at 1 month after DSEK (P , 0.001), DLEK (P , 0.001), and PK (P , 0.001) ( Table 2 ). The decrease in sensitivity at 1 month was greater after PK than after DLEK or DSEK (P , 0.001) and greater after DLEK than after DSEK (P = 0.01). After DSEK, sensitivity remained decreased at 1 year (P = 0.001) but returned to the preoperative sensitivity by 2 years (4.50 ± 1.63 cm; P = 0.99). Sensitivity remained decreased at 3 years after DSEK compared with controls (P , 0.001). After DLEK, sensitivity remained decreased at 3 months (P = 0.01) and did not differ statistically from the preoperative sensitivity at 6 months (3.08 ± 1.98 cm, P = 0.48), although the minimum detectable difference between sensitivity at 6 months and before surgery was 1.5 cm (a = 0.05/6, b = 0.20, n = 12). After PK, sensitivity did not return to preoperative sensitivity by 3 years (1.46 ± 1.98 cm, P , 0.001).
Corneal Nerves
Confocal microscopy examination was performed in 42 of the 44 corneas before DSEK, 35 of the 39 corneas at 12 months, 28 of the 33 corneas at 24 months, and 13 of the 15 corneas at 36 months after DSEK. In Fuchs dystrophy, (27) 6 (9) † *The only ocular surgical procedure performed before keratoplasty was cataract surgery in the number of eyes indicated; no other ocular surgery had been performed before keratoplasty in any eye.
†Topical beta-blocker treatment was administered in 5 of the 6 eyes. *Filament length of 0 cm cannot be converted to a filament pressure and thus was reported as $16.0 g/mm 2 . †Versus preoperative, P values are adjusted for 6 comparisons. ‡n = 44 at preoperative and 6 months; n = 41 at 1 month; n = 43 at 3 months; n = 39 at 12 months; n = 33 at 24 months; n = 15 at 36 months. §n = 12 at all examinations, except n = 11 at 6 and 12 months, and n = 10 at 36 months. jjn = 13 at all examinations.
subbasal nerves were visible in 25 corneas (60%) and were abnormal in 17 of these corneas (68%). Typically, when subbasal nerves were visible, they were fine and sparse compared with normal ( Fig. 1) . Occasionally, there were irregular nerve branching patterns or fine and fragmented nerves associated with thick stellate bright reflections (Fig. 1) . Qualitatively, nerve density appeared lower than normal, although the visibility of nerves in confocal images might have been impaired because of anterior corneal haze (bright reflectivity in confocal images). In Fuchs dystrophy, central corneal thickness did not differ if subbasal nerves were visible (656 ± 49 mm) or not visible (664 ± 53 mm; P = 0.61) or if subbasal nerves appeared normal (654 ± 63 mm) or abnormal (657 ± 43 mm; P = 0.89). Subbasal nerves continued to appear fine and sparse with occasional irregular branching compared with normal through 36 months after DSEK (Fig. 1) . In Fuchs dystrophy, stromal nerves were visible in 31 corneas (74%) and were abnormal in 20 of these corneas (65%). Stromal nerves were tortuous, often forming loops, and appeared to be associated with brightly reflective keratocyte nuclei in some corneas (Fig. 2) . Tortuous nerves were often present in corneas that also exhibited stromal nerves of normal morphology. In Fuchs dystrophy, central thickness of corneas in which stromal nerves appeared normal was 675 ± 52 mm and of corneas in which stromal nerves were not normal was 644 ± 53 mm, but the difference was not significant (P = 0.12). After DSEK, many corneas continued to exhibit tortuous and looped nerves, although they were typically thinner than they were before keratoplasty ( Fig. 2) .
At 12 months after DSEK, sensitivity was higher in corneas with visible subbasal nerves compared with corneas in which subbasal nerves were not visible (P = 0.005, Table 3 ); a similar trend was noted before DSEK and at 24 and 36 months after DSEK, although these differences were not statistically significant (limited sample size). There were no statistical differences in sensitivity of corneas according to subbasal nerve morphology or stromal nerve visibility or morphology (Table 3 ). FIGURE 1. Subbasal nerve fiber bundles in a normal cornea and before and after DSEK for Fuchs dystrophy (confocal microscopy). A, Subbasal nerve fiber bundles appear as linear bright structures between the basal epithelial cells and anterior keratocytes in normal corneas; the bright out-of-focus objects in the image represent anterior keratocyte nuclei deep to the nerves. B, In Fuchs dystrophy, when the subbasal nerves were visible, they were typically finer and sparser compared with normal; the diffuse increase in reflectivity represents subepithelial haze, which might have precluded visibility of subbasal nerve fiber bundles in some eyes. Occasionally, in Fuchs dystrophy, there were thickened subbasal nerve fiber bundles with abnormal branching patterns (C) and thick stellate brightly reflective structures (presumably subepithelial fibroblasts) associated with fine and fragmented nerve fiber bundles (D). Twenty-four months after DSEK for Fuchs dystrophy, the subbasal nerve fiber bundles typically remained fine and sparse (E) and, occasionally, there were thickened, brightly reflective, nerve branch points with abnormal branching patterns (F). Dimensions of the confocal images were 428 · 325 mm (horizontal · vertical).
DISCUSSION
Corneal sensitivity was decreased in eyes with Fuchs dystrophy and was not associated with central corneal thickness. Confocal microscopy of corneas with Fuchs dystrophy showed that subbasal nerves were frequently sparse and stromal nerves were often tortuous and formed loops. Three years after EK, corneal sensitivity had returned to preoperative sensitivity but not to that of normal corneas, and abnormalities of the subbasal and stromal nerves persisted.
In his original case series with very advanced anterior corneal changes, Fuchs used a thread to qualitatively test corneal sensation and found that sensation was reduced or absent in most cases. 5 A similar observation was made by Klien in 1 eye with Fuchs dystrophy that did not require surgical intervention. 15 The eyes in our study did not have disease as advanced as those described by Fuchs but were at the stage of requiring keratoplasty by current standards. None of the eyes in our study had corneal neovascularization or significant corneal scarring. We are unaware of other studies that have rigorously quantified corneal sensation in Fuchs dystrophy. Kumar et al 16 found that corneal sensitivity by Cochet-Bonnet esthesiometer was 5.9 cm in a group of 29 eyes, of which 14 eyes had Fuchs dystrophy and 10 eyes had pseudophakic corneal edema. Although their results contradict our findings, we found a reproducible decrease in mean sensitivity in the 2 groups of patients with Fuchs dystrophy enrolled in 2 consecutive studies ( Table 2) . Older age has been associated with a small decrease in corneal sensitivity 17 but not enough to explain the large difference between corneas with Fuchs dystrophy and controls, and our controls were age matched. Similarly, decreased sensitivity in the Fuchs dystrophy group was not explained by a previous limbal incision for cataract surgery, because 50 of the 69 eyes had not had previous surgery, and the sensitivity of these 50 eyes was still lower than in controls. Interestingly, we did find a larger difference in corneal sensitivity between phakic and pseudophakic eyes with Fuchs dystrophy than has been reported in normal corneas after phacoemulsification. 18 Sensitivity of the control corneas in this study was similar to that FIGURE 2. Stromal nerve fiber bundles in a normal cornea and before and after DSEK for Fuchs dystrophy (confocal microscopy). A, Stromal nerves in normal corneas typically appear as straight brightly reflective structures, and well-defined branching points are often visible. B-D, In Fuchs dystrophy, nerves often were tortuous and formed loops in the mid stroma. Frequently, the tortuous nerves were associated with brightly reflective keratocyte nuclei. After DSEK, the tortuous nature of the stromal nerves persisted at 12 months (E) and 24 months (F) with the nerves typically appearing finer than before keratoplasty and often associated with brightly reflective keratocyte nuclei. Dimensions of the confocal images were 428 · 325 mm (horizontal · vertical), and all images were from the anterior and middle thirds of the corneal stroma.
found by other investigators 17, [19] [20] [21] and similar to that of young normal corneas (5.95 ± 0.15 cm) that were examined by the same technique in another study from our laboratory. 22 Decreased corneal sensitivity in Fuchs dystrophy might not be unexpected given the ultrastructural changes that occur in the anterior cornea, but the exact mechanism of decreased sensitivity is unknown. It is possible that subepithelial fibrosis 1,2 and epithelial edema and bullae formation result in damage to the subbasal nerves and epithelial nerve endings. Indeed, the subbasal nerves frequently appeared abnormal and were qualitatively sparse or absent compared with normal corneas. 13, 23, 24 We also found a trend toward decreased sensitivity in corneas in which subbasal nerves were not visible (Table 3 ), and this difference was statistically significant at 12 months after DSEK. However, the sparsity of subbasal nerves in confocal images of Fuchs dystrophy should be interpreted with caution because of sampling errors by confocal microscopy and because corneas with chronic edema exhibit increased backscatter (haze) from the subepithelial region. 2, 25 Subepithelial haze manifests as diffuse bright reflections in confocal images and can prevent visualization of subbasal nerves when, in fact, they are present. Thus, we did not attempt to measure subbasal nerve density in this study because the data might have been misleading. In a histologic study of 5 bullous corneas that were also examined by confocal microscopy, 26 subbasal nerves were absent in 3 corneas by histology, which supports our qualitative confocal findings; however, in 1 cornea, subbasal nerves were present by histology and absent by confocal microscopy, indicating the limitation of confocal microscopy, and subbasal nerve density data were not validated by histologic data. 26 Corneal stromal nerves were abnormally tortuous in Fuchs dystrophy, and this appearance persisted through 3 years after DSEK. Whether stromal nerve tortuosity is the result of damage to the distal subbasal nerves and epithelial nerve endings, or is a direct effect of chronic stromal edema, is unknown. In several corneas, stromal nerves formed loops, which were closely associated with brightly reflective keratocyte nuclei (Fig. 2) , suggesting that the nerve fiber bundles were attracted to the keratocytes. Corneal nerves have been shown to invaginate the cytoplasm of keratocytes by electron microscopy, 27 suggesting communication between neural cells and keratocytes in the cornea, 9 similar to that between epithelial and stromal cells. 8 Regardless, with known abnormalities of keratocytes 4,28 and the extracellular matrix in Fuchs dystrophy, 29 it is conceivable that abnormalities of the stromal nerves are caused by the abnormal stromal environment in addition to any effect from distal nerve damage.
Corneal sensitivity was preserved after EK in contrast to sensitivity after PK, and this represents another advantage of EK over PK. Clinically, this preservation could eliminate threatening ocular surface complications that can be associated with a denervated cornea. 30, 31 Nevertheless, corneal sensitivity after EK did not return to that of age-matched normal corneas, and corneal nerve morphology was frequently abnormal even at 3 years after DSEK, providing further evidence of slow or incomplete anterior corneal repair. 2, 3 Whether corneal sensitivity will eventually return to normal will require extended follow-up.
The postoperative decrease in corneal sensitivity after keratoplasty correlated with the size of the keratoplasty incision, with least loss of sensitivity in the smallest incision (DSEK) group. Similarly, recovery of corneal sensitivity was also related to the size of the incision, with faster recovery after DSEK and DLEK than after PK. Although our data suggested that sensitivity recovered more quickly after DLEK (9-to 10-mm incision) than after DSEK (5-to 6-mm incision), the small size of the DLEK group limited our statistical power and the smallest statistical difference that could have been found between preoperative and postoperative was 1.5 cm. Thus, with a larger sample size, it is likely that we would have found decreased sensitivity in the DLEK group at 6 and 12 months, similar to the DSEK group. After PK, there was limited recovery of corneal sensitivity by 3 years, confirming the results of previous studies. [32] [33] [34] The lack of a simple and ideal esthesiometric method is a limitation of this and other corneal sensitivity studies. We standardized our Cochet-Bonnet esthesiometry technique between 3 observers to minimize technique-related variability in measurements, and we found a reproducible mean decrease and variance in sensitivity in 2 consecutive groups of subjects with Fuchs dystrophy. Cochet-Bonnet esthesiometry is also limited by ceiling and floor effects in normal and very abnormal (PK) eyes, and thus, the true difference in sensitivity between Fuchs dystrophy and normal corneas was probably underestimated. Although corneal sensitivity might have been affected by topical medications, such as topical beta-blockers, [35] [36] [37] none of the eyes in our study received topical ocular hypotensive treatment before keratoplasty, and only 9% received such treatment after keratoplasty. All eyes received topical corticosteroids postoperatively, but we are unaware of studies evaluating the effect of corticosteroids on corneal sensitivity. It is also important to emphasize that the findings in this study are not specific to Fuchs dystrophy but are probably present in any etiology of chronic corneal edema. 4, 26 
